Here, we assess the physiological effects induced by environmental concentrations of pesticides in Pacific oyster Crassostrea gigas. Oysters were exposed for 14 d to trace levels of metconazole (0.2 and 2 mu g/L), isoproturon (0.1 and 1 mu g/L), or both in a mixture (0.2 and 0.1 mu g/L, respectively). Exposure to trace levels of pesticides had no effect on the filtration rate, growth, and energy reserves of oysters. However, oysters exposed to metconazole and isoproturon showed an overactivation of the sensing-kinase AMP-activated protein kinase alpha (AMPK alpha), a key enzyme involved in energy metabolism and more particularly glycolysis. In the meantime, these exposed oysters showed a decrease in hexokinase and pyruvate kinase activities, whereas 2-DE proteomic revealed that fructose-1,6-bisphosphatase (F-1,6-BP), a key enzyme of gluconeogenesis, was upregulated. Activities of antioxidant enzymes were higher in oysters exposed to the highest pesticide concentrations. Both pesticides enhanced the superoxide dismutase activity of oysters. Isoproturon enhanced catalase activity, and metconazole enhanced peroxiredoxin activity. Overall, our results show that environmental concentrations of metconazole or isoproturon induced subtle changes in the energy and antioxidant metabolisms of oysters.
INTRODUCTION
Coasts and estuaries are often anthropic environments 1 where pesticides can reach non-target aquatic organisms, such as marine bivalves. 2 The Pacific oyster Crassostrea gigas is a benthic suspension feeder widely distributed all over the world. Oysters, like other bivalves, bioaccumulate contaminants in their soft tissues, so that they are often used as sentinel animals in the marine environment.
Only few studies have investigated the effect of environmental concentration of pesticides on the physiological responses of oysters. For instance, oysters exposed to trace levels of pesticides, alone or mixed with other contaminants, could exhibit growth reduction, 3 partial spawning 4 and developmental anomaly. 5, 6 At the cell level, hemocytes of oysters exposed to pesticides show a reduced phagocytosis which may impair their immune response 7, 8 . At the molecule level, oysters exposed to low concentrations of pesticides present differences in gene expression related to energy production, immune system and xenobiotics detoxification. 9, 10, 11 The aim of this study is to determine the metabolic response of oysters exposed to trace levels of commonly used pesticides. We analyzed the whole organism (filtration rate, growth and energetic reserves) and molecular responses (targeted and global proteomic) of oysters. This study focused on metconazole and isoproturon, two pesticides that are detected in surface water along the French coasts.
Metconazole is a fungicide that inhibits the biosynthesis of ergosterol, which is an essential component of cell membranes in fungi. This fungicide has been used for nearly 20 years as a growth regulator and protects cereals against foliar diseases. 12 Isoproturon is an herbicide belonging to the family of substituted urea, which acts as an inhibitor of photosynthesis. It is one of the most extensively used agricultural pesticides in Europe. 13 
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The novelty of our work is that we particularly investigate the effects of environmentally relevant concentrations of pesticides on 5' AMP-activated protein kinase (AMPK) and its related glycolytic enzymes, hexokinase and pyruvate kinase. This protein kinase has a catalytic activity that is regulated through phosphorylation at Thr 172 and is involved in energy-sensing of the cell. It is very well conserved across the eukaryotic kingdom. 14 In all species, AMPK is a Ser/Thr protein kinase that plays a central role in energy homeostasis 15 by activating ATP-producing catabolic pathways such as lipolysis, glycolysis and glucose uptake and deactivates ATP-consuming anabolic pathways such as glycogen synthesis and lipogenesis by modulation of downstream targets. 16 Also, we particularly looked at antioxidant defense systems and fatty acid composition as potential indicators of oxidative stress and lipid peroxidation.
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EXPERIMENTAL PROCEDURES Animals
Experimental oysters were produced as previously described. 18 Briefly, forty adults from wild oyster population were transferred to a grow-out farm and then moved on January 8th 2013 to the Ifremer facilities in Argenton (Brittany, France) for conditioning. These animals were held in 500-L flow-through tanks with seawater at 16 °C enriched with a phytoplankton mixture.
Once the oysters were reproductively mature, gametes from 40 individuals (1/3 males, 2/3 females), obtained by stripping, were mixed. Fertilization and larval rearing were conducted as previously described. 18 When oysters were > 2 mm shell length on April 11th 2013, they were transferred to the Ifremer nursery in Bouin (Vendée, France) and then transferred back to Argenton on mid-June 2013. At the beginning of the experiment, around 7000 four monthsold oysters (weight: 0.72±0.02 g) were distributed in 18 tanks (287g of oysters per tank). Here we intentionally used young oysters to limit the likely confounding effect of reproductive stages and other life history traits such as rearing conditions. The tanks used for the 3 experiment were 800 mL Artemio® Breeding sets (JBL) with an open flow-through seawater system. No mortality was recorded in our experiment.
Experimental design
Pesticides used in this experiment were purchased from Pestanal® (Sigma-Aldrich 
Detection of pesticides in sea-water
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A 1 L-sample of sea water was collected at the inlet of every 18 tanks at day 1, 7 and 14, then frozen at -20°C until analysis. Detection of metconazole and isoproturon was performed by the Labocéa laboratory (Plouzané, France) as previously described for other pesticides. 3 The method used for metconazole and isoproturon detection was a solid / liquid extraction (SPE:
solid phase extraction) automated and coupled to liquid chromatography with detection by tandem mass spectrometry (MS-MS). The detection limit for metconazole and isoproturon was 0.02 μg/L. Assessing the effective concentrations of pesticides in sea water surrounding animals was an important step necessary to validate that exposure to pesticides was done at trace levels concentrations all along the experiment.
Filtration rate and growth
Feeding supply was expressed in phytoplankton cell biovolume (µm 3 Growth was estimated by the ratio weight of each tank/number of oysters at day 1, 5, 9 and 14 of the experiment.
Carbohydrate content
Analysis of carbohydrates was performed as previously described, 19 using 300 mg of flesh powder that was homogenized with a Polytron® PT 2500 E (Kinemetica) at 4°C in 3 mL milliQ water. Samples were then diluted and mixed with a phenol solution (5% m/v) and 2. 
Lipid analysis
Lipids were extracted as previously described, 20 (12% Me-OH) and analyzed as previously described. 21 After cooling and adding 1 mL of hexane and 1 mL of milliQ water, the organic phase containing fatty acid (FA) methyl esters was washed with 1 mL of water. FA methyl ester were analyzed in a HP6890 GC system (Hewlett-Packard). FA methyl esters identification was performed using a DB-Wax capillary column (30 m×0.25 mm; 0.25 μm film thickness; Agilent technologies), by comparison of their retention time with those of a standard 37 component FAME mix and other standards mix from marine bivalves. 22 FA contents were expressed as the mass percentage of total FA content.
Total protein extraction
Total protein extraction was performed using 500 mg of flesh powder that was homogenized with a Polytron® PT 2500 E (Kinemetica) at 4°C in 5 mL of lysis buffer 23 Glutathione S-transferase activity (GST; EC 2.5.1.18) 27 was measured using 15 µL of total protein lysates 10 times diluted. GST buffer assay contains 1-chloro-2,4 dinitrobenzene 1 mM (CDNB) and reduced glutathione 1 mM (GSH) as substrates. After a short incubation of 5 min at 25°C, absorbance was read for 3 min at 340 nm at 25°C using a Synergy® HT microplate reader (BioTek). Results were expressed in units per mg protein (U/mg) corresponding to the production of 1 µmol of product per minute.
SDS-PAGE and Western Blot
Total protein lysates were adjusted to 3 mg/mL, mixed with 4X loading buffer containing 5% Cell Signaling Technology; dilution 1:1000). 28 After washing with PBS-T, membranes were incubated for 1 h at room temperature with a horseradish peroxidase-conjugated secondary antibody (#7074, Cell signaling technology; dilution 1:2500). The immune-reactivity was revealed by using an ECL kit (RPN 2232, GE Healthcare). Bands detected in blots were visualized with enhanced chemi-luminescence detection system G:box (Syngene) and quantification was done using Genetools software v. 4.03 (Syngene). The obtained value is expressed in OD/mm 2 , and represents band intensity. To control for identical amounts of total protein loaded onto gels, membranes were dehybridized for 1 h at room temperature in dehybridizing buffer (glycine 100 mM, NaCl 100 mM, pH 3.2) and rehybridized with the rabbit polyclonal antibody histone H3 (#9715, Cell Signaling Technology; dilution 1:5000).
Two-dimensional electrophoresis (2-DE)
Total proteins were extracted using 50 mg of flesh powder homogenized with a pestle in a urea/thiourea buffer 29 induction greater than 1.5 were selected for subsequent identification by mass spectrometry.
Mass spectrometry
These spots were washed with milliQ water, destained in NH 4 HCO 3 100 mM/acetonitrile (ACN) (1:1), and dehydrated in 100% ACN. After rehydration in NH 4 HCO 3 100 mM and dehydration in 100% ACN, excised spots were air-dried and incubated overnight at 37 °C in a solution of 12.5 ng/μL modified trypsin (Promega) in NH 4 HCO 3 50 mM. The resulting tryptic peptides were extracted from the gel spots by several washes in formic acid/ACN/water as previously described. 31 The tryptic digests were then concentrated by vacuum centrifugation 
Data processing protocol
MS data were saved in RAW file format (ThermoScientific) using XCalibur 2.0. 
Statistical analysis
Two-way ANOVA were performed on all biochemical parameters to investigate the potential effects of a 14 day exposure of metconazole or isoproturon at two concentrations (1X, 10X), and the effect of the mixture at 1X concentration compared with control oysters. Where overall differences were detected, Least squares mean (LSMean) multiple comparison test was used to determine which means were significantly different. All these analyses were performed by using SAS software 9.
(SAS institute). Homogeneity of variances was
checked and all values with P<0.05 were considered statistically significant.
RESULTS
Detection of pesticides
Metconazole and isoproturon were not detected in control tank (Table 1 ). There was a deviation between intended and achieved concentrations of both pesticides (Table 1) . For example, at day 14, concentrations of metconazole and isoproturon 1X were 0.098 µg/L and 0.138 µg/L while we intended 0.200 µg/L and 0.100 µg/L respectively (Table 1) .
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Filtration rate, growth and energy reserves
Growth and filtration rate of oysters exposed to pesticides were similar to that of control animals (P>0.05). On average, filtration rate was 3.35±0.04×10 10 µm 3 of cell per animal per day and body mass of oyster increased of 0.82±0.05 g during the 14-day experiment. Energy reserves of oysters as measured as carbohydrates, proteins and the ratio triacylglycerol/sterol were similar between oysters exposed to pesticides and control ( Table 2 ).
Enzyme activities
HK activity was ca. 25% lower in oysters exposed to pesticides at 1X for 14 days compared to that of control animals. However, HK activity in oysters exposed to pesticides at 10X or exposed to the mixture was not significantly different to that of control ( Figure 1A , 1B).
PK activity was 34% to 46% lower in oysters exposed to pesticides compared to that of control ( Figure 1C, 1D ).
Mean CS activity was 27.4±2.7 mU/mg and was similar between control and exposed oysters, regardless of concentration (data not shown).
SOD activity was similar in oysters exposed to pesticides at 1X compared to that of control, but was ca. 16% higher in oysters exposed to pesticides at 10X (Figure 2A ). When metconazole and isoproturon 1X were mixed, SOD activity was similar to that of control oysters ( Figure 2B ).
CAT activity was 26% higher in oysters exposed to isoproturon 10X than in control ( Figure   2C , 2D).
GST activity remained similar between control and exposed oysters, regardless of concentration ( Figure 2E, 2F ).
AMPKα Thr 172 phosphorylation
Western-blot analysis of AMPK phosphorylation is presented in Figure 3A . Overall, phosphorylation of AMPKα Thr 172 was 71% to 132% higher in oysters exposed to pesticides 13 than in control animals ( Figure 3B, 3C ). There was no significant difference among exposed oysters, regardless of the type and the number of pesticides and their concentrations.
Global proteomic analyses
2-DE proteomic was performed to identify changes in the proteome of oysters exposed for 14 days to metconazole 10X or isoproturon 10X. Analysis by Progenesis Samespots software detected 405 spots among the different replicates of Coomassie stained gels.
Oysters exposed to metconazole and isoproturon 10X exhibited changes in the expression of 9 and 3 spots compared to control oysters corresponding to 8 and 2 different proteins respectively ( Figure 4 ). The protein contained in each spot was identified using tandem mass spectrometry (Table 3 ). Oysters exposed to metconazole 10X showed up-regulation of 2 proteins related to energy metabolism (ATP synthase subunit  and fructose-1,6-bisphosphatase 1), one protein involved in antioxidant response (peroxiredoxin-5) and one transcription factor (Transcription factor BTF3-like). Oysters exposed to metconazole 10X also showed up-regulation of proteins related to cytoskeleton: severin, actin 2 and thymosin, and down-regulation of Rho GDP-dissociation inhibitor 1. Oysters exposed to isoproturon 10X showed up-regulation of one protein involved in the antioxidant response (14-3-3 protein) and one protein involved in amino-acid biosynthesis (phosphoserine phosphatase).
Fatty acids analysis
All fatty acids (FA) of polar lipids analyzed are presented in table S1. Overall, unsaturation index of FA remained unchanged irrespective of treatments ( Figure 5A , 5B). Total dimethylacetals (DMA) of oysters exposed to isoproturon 1X and isoproturon 10X increased by 9 and 8% respectively compared to that of control animals. Total DMA of oysters exposed to metconazole (1X and 10X) and to the mixture of pesticides were similar to that of control animals ( Figure 5C, 5D ).
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DISCUSSION
Energy metabolism
In our study, AMPKα Thr 172 phosphorylation increased by between 70 and 130% in oyster exposed to metconazole or isoproturon. Therefore, it is likely that the over-activation of AMPK is a generic response to pesticides. This however needs further testing with other families of pesticides.
Over-activation of AMPK in response to pesticides also suggests that the energy metabolism of oysters is disturbed. Accordingly, energy metabolism of mice was disturbed during exposure to low concentrations of pesticides as reflected by disturbance of the protein kinase B (PKB/Akt). 33 Also, in crayfish Cherax quadricarinatus exposed to glyphosate, glucose metabolism was disturbed with a decrease of PK activity. 34 Concomitantly with over-activation of AMPK, and PK activities were lower in exposed oysters compared to that of control. This result appears somewhat paradoxical. Indeed, AMPK generally stimulates glucose uptake and glycolysis by up-regulating HK and PK activities. In our study, it is likely that glucose signaling pathway was deregulated due to a constitutive activation of AMPK after the exposure to trace levels of pesticides. In fact, in many species, short-term AMPK activation of several minutes stimulates downstream targets such as HK and PK activities, but a longer term activation of several days can modify gene expression. 35 We can thus hypothesize that over-activation of AMPKmight downregulates mRNA expression of HK and PK on the long-term. Alternatively, pesticides may have directly inhibited HK and PK independently from AMPK as reported in human cells. 36 Regarding oysters exposed to the mixture of pesticides, AMPK was also over-activated.
Although HK activity was lower in oysters exposed to metconazole 1X or isoproturon 1X than in control, no changes were observed in oysters exposed to the mixture of both 15 pesticides. This could highlight an antagonistic interaction between metconazole and isoproturon, however, this was not observed for PK activity, which is similar when metconazole and isoproturon were applied alone or in mixture.
2-DE proteomics revealed that the fructose-1,6-bisphosphatase (F-1,6-BP) was up-regulated in oysters exposed to metconazole 10X. These results are consistent with the facts that in these animals HK and PK activities were lowered, reflecting a decrease in glycolysis and an enhancement of gluconeogenesis. For instance, F-1,6-BP converts fructose-1,6-bisphosphate to fructose 6-phosphate in gluconeogenesis. This might reflect that gluconeogenesis was enhanced to compensate for the inhibition of glycolytic enzymes induced by AMPK overactivation, as previously reported in mice. 33 Oysters exposed to metconazole 10X showed up-regulation of the ATP synthase subunit β.
This enzyme catalyzes ATP synthesis from ADP by an electrochemical gradient of protons in the inner mitochondrial membrane during oxidative phosphorylation. 37 Up-regulation of ATP synthase subunit β is consistent with an increase in gluconeogenesis.
Although pesticides clearly influenced the energy metabolism of oysters, they have no effect on filtration rate, growth, and energy reserves. In contrast, growth of oysters is inhibited after a 7 days exposure to diuron at 0.4 µg/L. 38 Discrepancies between studies may reflect differences in experimental conditions. Indeed, in their experiment, the authors used a closed system with intermittent food supply whereas in our experiment, oysters were kept in a flowthrough system with a continuous supply of ad libitum fresh phytoplankton. Although energy reserves of oysters were not impacted by low dose of pesticides, a long term exposure to high concentrations of pesticides can induce depletion in glycogen, protein and lipid contents in several aquatic animals.
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Antioxidant response
Oysters exposed to a 10X concentration of pesticides showed higher SOD activity than control. This enzyme is involved in management of reactive oxygen species (ROS) and catalyzes the dismutation of the superoxide radical (O 2 .-) into hydrogen peroxide (H 2 O 2 ).
Level of ROS generally increases in animals exposed to pollutants such as pesticides. 41, 42 A 24 h exposure to trace levels of diuron decreased SOD activity in oyster C. gigas. 7 Despite this apparently paradoxical result, our results are consistent with those observed in several bivalve species exposed to contaminants. 43, 44 Oysters exposed to isoproturon 10X showed higher CAT activity than controls. This result agrees well with the fact that the increase in SOD activity in these animals should enhance
Catalase is the main enzyme involved in H 2 O 2 detoxification and its activity generally increases with substrate concentration. Similarly, mussels exposed to pesticides or other organic contaminants had higher CAT activity than controls. 45, 46, 47 Interestingly, oysters exposed to metconazole 10X used a different antioxidant pathway from those exposed to isoproturon. Indeed, CAT activity of oysters exposed to metconazole 10X
was not enhanced but expression of peroxiredoxin (Prx), another enzyme involved in H 2 O 2 detoxification, was up-regulated. In support to this result, transcription of Prx gene in shrimp increase when CAT expression was unchanged and reciprocally. 48 In contrast to increase in SOD, CAT and Prx, activity of glutathione S-transferase (GST), an enzyme involved in cell detoxification system in oysters exposed to pesticides was similar to that of control as observed in oysters exposed to a low-dose pesticide mixture. 49 However a tissue-specific response was observed in oysters, with an increase in GST activity in digestive gland but not in gills. Similarly, tissue specific response of antioxidant system (SOD, CAT, GST) was observed in bivalve exposed to pesticides. 44, 49 Moreover, although some synergistic effects were observed in C. gigas exposed to a mixture of a herbicide and a fungicide, 3 the 17 mixture of metconazole and isoproturon used in our study did not lead to increased antioxidant enzymes activity.
Oysters exposed to pesticides showed similar unsaturation index of polar lipids compared to that of control, suggesting that lipid peroxidation was limited. 17 This may reflect that ROS were efficiently managed by the antioxidant system and the lipid bilayer was not altered by trace levels of pesticides. Oysters exposed to the mixture of pesticides showed a lower unsaturated index than that of controls and pesticides alone, which could suggest synergetic effects of the two tested pesticides on this variable.
Total dimethylacetals (DMA) of oysters exposed to isoproturon were higher than that control animals. DMA is a glycerophospholipid class which contains a vinyl ether linkage at the sn-1 position typical of plasmalogens. Cell membrane of bivalves contain high levels of plasmalogens. 50 In the bivalve Arctica islandica, 51 plasmalogens were associated with protection against lipid peroxidation. Therefore, the observed increased of plasmalogens in oysters exposed to isoproturon 10X may be correlated with the activation of antioxidant pathway (SOD, CAT), reflecting an increase of ROS and a potential role to avoid lipid peroxidation.
Modification of some cytoskeletal components
Three cytoskeleton proteins were up-regulated in oysters exposed to metconazole 10X (severin, actin 2, thymosin), which confirmed the well-known generic disturbance of cytoskeleton components by marine pollutants, such as heavy metals in Mytilus galloprovincialis 52, 53 or glyphosate in Unio pictorum. 54 Severin is a protein that blocks F-actin and causes the fragmentation and depolymerization of actin filaments in a Ca 2+ dependent way leading to a disturbance in cytoskeletal remodeling. Thymosin belongs to a group of small proteins that also play a role of actin regulators 55 and can activate the antioxidant enzyme SOD in some species. 56 
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In conclusion, environmental concentrations of metconazole and isoproturon induced a metabolic response in oysters. Over-activation of the sensing-kinase AMPK was associated with a decrease in HK and PK activities that might reflect a decreased glycolysis. A compensatory response could be an increase in gluconeogenesis, as revealed by 2-DE, which might explain the maintenance of energy reserves in oyster during the 14-day exposure. In addition, activation of antioxidant response was observed for both pesticides but not for the lowest concentrations. Table 3 and details of the corresponding mass spectrometric data are given in the supplementary data. Mr: molecular marker. 
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FUNDING INFORMATION
